Climate change and increasing electricity production affect future freshwater requirements for thermoelectric power plants in Europe. This paper explores the reasons and shows 'hot spots' for further analysis. A scenario and simulation approach was selected to estimate water availability and water uses in Europe up to 2050. Depending on the scenario, water withdrawals in thermal electricity production would increase by 64% or decrease by 92% between 2005 and 2050. At the same time, average summer water availability is expected to decrease because of climate change in southern and south-eastern parts of Europe. In these regions in particular, hot spots were identified where water is scarce and where growing water demand is likely to exacerbate water stress which may cause economic losses. Hot spots identified in the Economy First scenario indicate increasing competition for freshwater resources for the thermal electricity production sector. Increasing efficiency and improved awareness as assumed in the Sustainability Eventually scenario can reduce these hot spots by 90%.
INTRODUCTION
Water availability plays a major role in the thermoelectric power industry where large volumes of water are used for cooling purposes and ongoing maintenance. Future projections of increasing air temperatures and decreasing precipitation for various European regions may raise growing concerns over meeting future cooling water needs. A record-breaking heat wave, the result of global warming, affected the European continent in summer 2003 (Schär et al. ) . Many major rivers (e.g. the Po, Rhine, Loire and Danube) were at record low levels, resulting in reductions in water supplies which led to reductions in water for hydropower turbines and in cooling water for thermal power plants (EEA ; Zebisch et al. ) . In addition to climate change, a growing population and economy as well as increasing energy consumption will demand greater electricity generation.
Again, climate change affects future electricity consumption and also the number of heating and cooling degree days (Pilli-Sihvola et al. ). Other water-use sectors are expected to have an increasing demand for water, thus competing for the same resource. Finally, a changing climate associated with changing electricity production and the freshwater needs of other sectors, such as the domestic, manufacturing and agricultural sectors, has to be taken into account. The impact of climate change and water shortages on the electricity production sector has been described considering economic losses and adaptation strategies (EPRI ; von Hauff & Kluth ;
Koch & Vögele ). Water shortages, potentially the greatest challenge to face all sectors of the USA in the 21st century, will be an especially difficult issue for thermoelectric generators because of the large amount of cooling water required for power generation (DOE ). Also Feeley III et al. () see water availability as a critical resource in the thermoelectric power industry and conclude that water availability is a regional and national concern for meeting future power generation needs.
The future of Europe's waters will be influenced by a combination of many important environmental, socio-economic, energy-related, political and policy drivers such as climate change, population and economic development, The main aim of this paper is to advance the state of understanding of Europe's freshwater resources by analysing the impact of climate change, electricity production and changing patterns of other water use sectors on the thermoelectric power industry. Bringing these factors explicitly into a European analysis of water stress can provide new insight into the relative importance of different elements of global change on the energy sector and here especially on future cooling water needs. Here we analyse two SCENES scenarios under climate change assumptions following the IPCC () A2 emission scenario. In particular, within this study we identify future 'hot spots' of change where it is very likely that water resources decrease in the future and other water users may compete for the same resource.
Whether future cooling water needs will be fulfilled depends mainly on two important factors: (i) changes in water availability due to climate change and other water users; and (ii) changes in thermoelectric water use due to trends in electricity production.
METHODS
The assessment of how climate change and future cooling water needs will affect the electricity production sector was carried out as follows: First, two SCENES scenarios and the climate input were selected. Second, future water resources were simulated on a monthly basis taking into account both climate change and water used by other sectors. Third, using time series on future electricity production data from the SCENES scenarios, monthly water withdrawals and consumption were calculated for thermoelectric power plants in Europe. Fourth, using the results of thermoelectric water withdrawals and river discharge data, 'hot spots' were identified where cooling water needs may not be fulfilled.
Overview of scenarios analysed
For this paper, two SCENES scenarios that span the broad range of pathways on how the future may unfold were chosen to visualise possible futures of Europe's freshwater resources. 'Economy First' (EcF) is an economically oriented scenario developing towards globalisation and liberalisation characterised by an intensified agriculture and slow diffusion of water-efficient technologies. Global demand for food and biofuels drives the intensification of agriculture with increasing need for irrigation and new cultivation areas. Slow adoption of water-efficient technologies and low watersaving consciousness lead to higher water use. All energy production alternatives are considered, but the use of nuclear and fossil fuel power plants becomes entrenched. 'Sustainability Eventually' (SuE) is a scenario that sketches the transition from a globalising, market-oriented Europe to environmental sustainability, where quality of life becomes a central point.
Economic growth is an important factor but is characterised by slow growth. Improvements in technology lead to increases in water use efficiency and investments in waterrelated R&D activities are initiated to share technological benefits within Europe. Water demand is strongly reduced by water savings and behavioural changes. To take into account climate change, the IPCC A2 scenario (IPCC ) was selected covering the whole time horizon up to the 2050s. It is well known that the choice of the emission scenario is of less importance for the early decades of the 21st century than for the later ones (Déqué et al. ) as the projected emission pathways start to diverge in the second half of the century. In SCENES, climate output from only two general circulation models (GCMs) following the SRES A2 emission pathway were selected and linked to all four scenarios developed. The choice of climate input was triggered by extreme events happening in the storylines and the stakeholders in the end played a decisive role. The effect of changing climate on runoff is taken into account via the impacts of temperature and precipitation on the vertical water balance. River discharge is affected by water withdrawals and return flows. In WaterGAP, natural cell discharge is therefore reduced by the consumptive water use in a grid cell. For most water use sectors, except irrigation, only a small part of the water is consumed, whereas most of the water withdrawn is returned to the environment for subsequent use. Water use for the agricultural and electricity production sectors are calculated on a 5 × 5 arc minutes grid scale, but for domestic and manufacturing sectors on a country scale. These country-scale estimates are downscaled to the grid size within the respective countries using generic downscale algorithms. increase whereas the number of heating degree days is likely to decrease. Resulting from the projected temperature increases in 2050, electricity production will increase on average by 4% during summer and decrease by 1.65% in winter.
Modelling future European water resources

Modelling water demand of thermal power plants
Main driving forces
Climate input
The baseline climate input including monthly information on precipitation and temperature covered the timeframe An exception to this rule occurs when present-day precipitation is close to zero (<1 mm); in this case the respective precipitation rise is added. By applying this approach, data describing the long-term average future trend in climate were combined with data describing current climate variability. In this case the spatial information density of the coarse resolution GCM output is improved by scaling the values with the high resolution CRU-dataset. 2005 and 2050 under SuE. In Europe, economic activity continues to grow over the whole scenario period in EcF resulting in a twofold growth in GDP. SuE has a lower total overall GDP than EcF indicated by a slow development with an increase of 9.9% between 2005 and 2050.
Total and thermal electricity production
Total electricity production in each country was projected by using the historical total electricity generation versus GDP slope and then varying it by scenario, time period and region. In a next step the share of the total electricity generated by thermal generation was projected. This was done with a similar method, by applying changes to the present shares according to scenario storylines. Both total and thermal electricity production are projected to increase twofold in Europe under the EcF scenario between 2005 and 2050 ( Figure 2 ). In the first phase of the scenario (until 2015) there is an immediate push to reduce greenhouse gas emissions, thus the thermal share starts to decrease. In contrast to the first phase, thermal production is remarkably expanded during the second period (2015-2030) and increases further as the use of fossil fuels and nuclear energy sources becomes entrenched . At the end of the time period, 87% of the total electricity production is intended to be generated by thermal power plants. A contrasting picture is drawn by the SuE scenario where total electricity production increases by 14% over the entire time period and thermal electricity by 3.8%, respectively. The first phase (until 2015) of this scenario starts with no change and the mode of energy production remains the same. Between 2015 and 2030, sustainability issues start to come to the fore, but progress is still slow.
In this period, the shift towards renewable energy begins, resulting in a declining share of thermal generation from fossil fuels which is weakened because fossil fuel production still moves to nuclear, meaning the share of thermal production changes little. However, renewable energy sources start to take over in this scenario, so that thermal shares drop more during the third phase . Finally, 70% of total electricity production is generated by thermal power plants. 
Structural and technological developments
Identification of hot spots
Hot spots were identified by investigating whether the monthly water availability would satisfy the thermal cooling water needs in the future. Here we assess the impact of:
(i) changes in climate and thermal electricity production;
(ii) considering water uses of other sectors; and (iii) monthly distribution related to climate change. Although the analysis was performed on a grid cell level, for the comparison of electricity water use and water availability, larger units were considered; that is, all neighbouring grid cells around a power plant's location were taken into account. This method was used to increase the confidence in geographic allocation of thermal power plants.
RESULTS AND DISCUSSION
Future water availability as affected by climate
Changes in precipitation will raise or lower the average volume of river runoff. Meanwhile, the expected increase in air temperature intensifies evapotranspiration nearly everywhere, and hence reduces runoff. These two effects interact differently at different locations and produce the net increase or decrease in long-term water availability shown in Figure 3 . These maps give an overview of changes in average seasonal water availability for the summer period (June to August) between scenarios and climate normal period. The changes in water availability reflect the climate input (especially precipitation) of the two different GCMs.
In addition to regional differences, there are also dissimilarities between the seasons. Over most of Europe water availability is expected to decrease in summer but the intensity of change depends on the GCM. In general, long-term summer availability declines in the Mediterranean rim countries, in the Black Sea region as well as in Northern Europe. In these regions especially, a decrease in summer availability well above 25% was calculated. Some river basins in southern Spain, Italy and southern Ukraine are an exception. For the A2 scenario, as realised by the MIMR model, the changes in long-term summer water availability were not as significant as for the IPCM4. MIMR generates decreases in summer water availability primarily in the Mediterranean and Black Sea regions, especially parts of Spain, Turkey and western Asia which experience a lowering larger than 25%. A decrease in water availability during the summer months was also calculated for Norway, parts of Sweden and Finland, and Iceland. The reduction in volume of river discharge will also lead to decreasing river water levels. In contrast to IPCM4, MIMR results showed no change or even an increase in summer water availability in western and central Europe as well as in the Baltic region.
These results obtained are in agreement with other studies (Milly et al. ; IPCC ; Feyen & Dankers ) where decreases in water availability and, in turn, an increase in water scarcity and even drought hazards are reported. Most prone to these risks are the southern parts of Europe and Black Sea region.
Future water use
WaterGAP was used to calculate water withdrawals and consumption for the base year (2005) and the two scenarios for 40 European countries. Figure 4 shows the development in sectoral water uses (a) and explicitly for the thermal electricity production sector (b). In the base year, approximately 480 km 3 of water was withdrawn from Europe's freshwater reservoirs by households, factories, thermal power plants and irrigation projects. The agricultural sector was the major water user in Europe accounting for about 40% of the total water withdrawn. This sector was followed by water withdrawn for cooling purposes (33%) and the domestic (15%) and manufacturing (12%) sectors. Both scenarios would lead to a marked difference in the development of water withdrawals in Europe. Under the EcF scenario an increase in total water withdrawals of 32% was estimated whereas the SuE led to a decrease of around 58%. However, not only are the total water withdrawals of freshwater resources likely to change, but also the profile of water use is expected to change in Europe. For the EcF scenario, it is expected that the electricity production sector will be the major water user, accounting for 41% of the water withdrawn, followed by the agricultural (30%), manufacturing (18%) and domestic (11%) sectors.
The increases under EcF resulted from an assumed water use behaviour that followed traditional patterns accompanied by reluctantly adopted scientific and technological innovations and slow improvements in water use efficiency. Moreover, a strong growth in the generation of thermal electricity resulted in a significant increase in cooling water. In contrast, the results of SuE show that the agricultural sector will be the main water user (62%) followed by domestic (16%), manufacturing (15%) and electricity (6%) sectors. Decreases in water withdrawals in each sector under the SuE scenario were caused by a combination of behavioural and technological changes with the promotion of technology transfers and efficiency improvements.
In EcF thermal electricity production doubled between 2005 and 2050 leading to an increase in freshwater withdrawals of 80% and consumption of 64% (Figure 4(b) ). On the other hand, stagnation in thermal electricity production caused a reduction in withdrawals of 90% (consumption À36%) in SuE. The reason for this decline was primarily the assumption that all new power plants in Europe will have tower cooling rather than once-through cooling in the future. The results show that the direction of change in thermal water withdrawals and consumption depends on: (i) technological improvements; (ii) thermal electricity generation; and (iii) type of cooling system (EPRI ;
Koch & Vögele ).
Hot spots were identified by investigating whether the long-term monthly water availability would satisfy the thermal cooling water needs in the future. For this analysis, the information on long-term monthly water availability and monthly water withdrawals of the electricity production sector for both scenarios (EcF and SuE) was combined using GIS techniques. Figure 5 shows only the number of hot spots detected for the years 2005 and 2050 under the EcF scenario as the respective values for SuE were clearly lower (27 locations) because thermal electricity production is smaller and additional technical improvements were considered. For the EcF scenario, the impacts of climate change and electricity production as well as the influence of other water users were investigated. In order to distinguish these different kinds of impact, the following simulations were the generation of thermal electricity may be less than assumed as the country's total thermal electricity production is distributed to the power plants according to their installed capacity rather than their operational management. However, as long as the site-specific information on cooling system and management is not available on a large scale, the analysis is subject to these uncertainties. The first finding of the analyses indicates that, under the EcF scenario, total water withdrawals are likely to increase by 32% until 2050 whereas the use of freshwater is expected to decline by 58% under SuE. Water withdrawals used as cooling water in the energy sector are projected to grow by 64% in EcF and to decline by 92% in SuE. However, not only are the total water withdrawals of freshwater resources likely to change, but also the profile of water use is expected to change in Europe. Water withdrawals in Europe are currently dominated by water use in the agricultural sector (40%) but, by 2050 in EcF, it is expected that water use in the thermal electricity production sector (41%) will be more important. This may lead to conflicts with other water users which compete for the same resource, especially in water-stressed areas, resulting in a moderate increase of hot spots. In contrast, in SuE, the electricity production sector will come last and less competition is expected as overall water withdrawals decline.
The second finding relates to climate change. It turned out that, particularly in the Mediterranean rim countries as well as in the Black Sea region, summer water availability is likely to decrease by more than 25% up to 2050. Also in Northern Europe monthly discharges will decrease during the summer season. An increase in hot spots is very likely during the summer months owing to a reduction in water availability caused by climate change impacts.
The third finding indicates that the principal cause of cooling water stress is the increase in water abstracted for cooling purposes driven by an increase in thermal electricity production. Climate change will exacerbate the situation which is expected to become more severe if the change in water consumption of other water users is considered, too. The fourth finding concerns the question of whether in the future enough water will be available to satisfy the cooling water needs of thermal power plants. This depends on the availability of cooling water, not only in sufficient amounts but also at the right time throughout the year. Cooling water shortages may occur as a result of reduced river flows accompanied by water temperatures close to or above the threshold given for water intake in national legis- 
